Selective neuronal necrosis is a well-known se quela of brief cerebral ischemia. After global in sults, neuronal damage is usually restricted to dis tinct brain regions including the CAl sector of the hippocampus, specific layers of the cortex, and the dorsolateral striatum. In the rodent brain, degener ation of CAl neurons is delayed for several days following the ischemic insult, whereas neurons in most other vulnerable regions degenerate at a quicker pace (Kirino, 1982; Pulsinelli et aI., 1982;  NGFl-B mRNA increased moderately and only in brain regions exhibiting the most dramatic c-fos increases and with similar kinetics. The differential activation of the investigated lEGs suggests that rather complex long-term adaptive processes may be initiated at the genomic level after global ischemia. The present findings provide fur ther evidence that the activation of IEGs forms part of the brain's metabolic response to ischemia, but no simple correlation appears to exist between the induction of the investigated lEGs and the phenomenon of selective vul nerability. Key Words: Cerebral ischemia-Pos-like im munoreactivity-Hippocampus-In situ hybridization Selective vulnerability-Striatum. Kirino et aI., 1984) . Delayed neuronal death of CAl neurons has also been reported to occur in the hu man brain following cardiac arrest (Petito et aI., 1987; Horn and Schlote, 1992) . Glial and microglial cells usually survive brief ischemic insults but re spond with a long-lasting activation, predominantly in vulnerable brain regions (Petito et aI., 1990; Schmidt-Kastner et aI., 1990; Gehrmann et aI., 1992) .
Over the past few years it has become increas ingly clear that neurons, as well as glial and microg lial cells, respond to environmental challenges such as heat stress, trauma, seizures, and ischemia with complex genomic changes (Morgan et aI., 1987; Dragunow and Robertson, 1988; Dragunow et aI., 1989; Nowak et aI., 1990; WieBner et aI., 1993a,b) .
Transcription factors encoded by immediate early genes (IEGs) have received particular attention be cause they are believed to play a crucial role in mediating alterations in gene expression in response to external stimuli (for general reviews see Sheng and Greenberg, 1990 ; Morgan and Curran, 1991) .
Their postischemic activation could initiate cas cades of genomic events that alter the susceptibility of neurons to ongoing metabolic disturbances or that are responsible for some other long-term changes of cellular phenotypes.
Previous studies investigating lEG expression af ter global ischemia (Jorgensen et aI., 1989; Nowak et aI., 1990 ; Uemura et aI., 1991b) were based on relatively short ischemia periods and authors fo cused on c-fos expression in the hippocampus. Global ischemia of a longer duration causes neuro nal injury not only in the hippocampal CAl sector but also in other vulnerable regions. Presumably due to the involvement of different pathomecha nisms, the time course of neuronal degeneration dif fers considerably between these regions (Pulsinelli et aI., 1982) . To determine whether this would be reflected in different expression kinetics or in the activation of different subsets of lEGs, we investi gated mRN A expression of c-fos and three other lEGs (c-jun, junB, NGFI-B) after 30 min of four vessel occlusion in the rat, which was sufficiently long to cause neuronal damage in the striatum, neo cortex, and ventral thalamus, as well as in the CAl region.
The reperfusion period after global ischemia is well-known to be complicated by the persisting sup pression of protein synthesis in selectively vulner able brain regions (Widmann et aI., 199 1; Hoss mann, 1993) . Transcriptionally induced genes thus may not be translated into proteins. To address the question whether c-fos mRNA induction was fol lowed by translation into c-fos protein, we investi gated the regional distributions of c-fos protein and mRNA in identical postischemic brains using immu nohistochemistry and in situ hybridization, respec tively.
MATERIALS AND METHODS

Animal model
Male Wistar rats weighing 25(}-350 g were subjected to 30-min forebrain ischemia using a modification (Schmidt Kastner et al., 1989) of the four-vessel occlusion model (Pulsinelli and Brierley, 1979) . During surgery, animals were anesthetized by inhalation of a nitrous oxide/ oxygenihalothane (69/30/1 %) mixture. On day 1, both ver tebral arteries were coagulated at the level of the first cervical vertebrae. On day 2, both common carotid arter ies were exposed and anesthesia was then discontinued. Two to three minutes later, both common carotid arteries were occluded with aneurysm clips under continuous monitoring of the electroencephalogram (EEG) and tem-poral muscle temperature. The rectal temperature was kept at 37°C using a heating pad, but the brain tempera ture was allowed to decline spontaneously. During isch emia, the temporal muscle temperature (which correlates with the brain temperature) dropped from 35 ± 0.5 to 31 ± O.soC. Only animals with complete EEG flattening fol lowing carotid artery occlusion were classified as isch emic and included in the study. A total of 43.3% of all animals operated on could be classified as ischemic ac cording to the above-mentioned criteria. After restoration of blood flow animals were allowed to recover for 15 and 30 min, 1,3,6, and 12 h, and 1,2,3, and 7 days and were then decapitated under anesthesia (n = 3 or 4 for each time point). The dissected brains were immediately fro zen in isopentane at -70°C. For in situ hybridization and immunohistochemistry, cryostat sections (10 11m) were collected on polY-L-lysine-coated slides. Histological evaluation of neuronal damage was performed on sec tions stained with cresyl violet. For Northern blot analy sis cortical or hippocampal tissue was frozen in liquid nitrogen and stored at -80°C.
Hybridization experiments
For hybridization experiments oligonucleotide probes were used to detect c-fos mRNA [probe sequence com plementary to bases 141-185 (Curran et aI., 1987) ], c-jun mRNA [probe sequence complementary to bases 136(}-1404 (Angel et aI., 1988) ], junB mRNA [probe sequence complementary to bases 1278-1322 ], and NGFI-B mRNA [probe sequence complementary to bases 605-645 (Milbrandt, 1988) ]. Each probe was 3' end labeled using terminal deoxynucleotidyltransferase (GIBCO BRL, Eggenstein, Germany) and a 30: 1 molar ratio of [32p]dATP (3000 Cilmmol) or e5S]dATP (1200 Ci/mmol). For Northern blot analysis total RNA was ex tracted from cortical or hippocampal tissue, electropho resed in 1% agarose gels, and transferred to nylon filters as described previously (Chomczynski and Sacchi, 1987; Wiessner et aI., 1990) . The ftlters were hybridized with oligonucleotide probes at 42°C overnight in buffer con taining 2x standard sodium citrate (SSC)/50% formam ide. Thereafter ftlters were washed at 55°C in 2x SSC/ 0.1 % sodium dodecyl sulfate for 3(}-60 min and exposed to Kodak Xomat AR film at -80°C.
In situ hybridization was performed as described by Wisden et ai. (1991) with only minor modifications. Briefly, brain sections were fixed in ice-cold 4% paraformaldehyde for 15 min. To reduce nonspecific la beling, sections were then pretreated with 0.25% acetic anhydride/triethanolamine for 10 min. Following dehy dration hybridization buffer containing 35S-labeled probe (3-10 Pg/I1I), 2x SSC, 50% formamide, 10% dextran sul fate, 100 I1g/ml poly(A), 120 l1g/ml heparin, 1 mg/ml her ring sperm DNA, 5 mM dithiothreitol, 1 mg/ml bovine serum albumin was applied to the slides. After overnight hybridization at 42°C the sections were washed at 42°C in 2x SCC/50% formamide for 1 h. Once washed, the sec tions were exposed to Amersham �max Hyperfilm for 3-8 weeks before dipping in Amersham LM-l emulsion and exposure at 4°C for 4-7 weeks. Finally, the emulsion coated slides were lightly counterstained with cresyl vio let. In control experiments sections were (a) incubated with a 100-fold excess of unlabeled probe or (b) pre treated with RNase A (20 l1g/ml, 45 min). These experi ments resulted in no detectable signal.
Immunohistochemical procedures
For immunohistochemical staining, cryostat sections were fixed in methanol at -20°C (10 min) and air-dried at room temperature. The sections were then washed twice in phosphate-buffered saline (PBS) for 10 min, followed by blocking of endogenous peroxidases with 0.3% H202/ PBS for 30 min. After another rinse with PBS, sections were incubated in 1.5% normal goat serum in PBS for 2 h. The sections were then incubated for 24 h at 4°C with an affinity-purified polyclonal antibody raised against a syn thetic peptide corresponding to residues � 17 of the c-fos protein (Oncogene Science, Uniondale, NJ, U.S.A.) di luted to a concentration of 2 f.1g/m1 in 1 % bovine serum albumin made up in PBS. On the next day, slides were washed with PBS for 15 min and tissue-bound antibody was visualized using the avidin-biotin-peroxidase (ABC) method (Kit PK-6 10 1; Vector Laboratories, Burlingame, CA, U.S.A.). Briefly, sections were incubated for 1 h with biotinylated goat anti-rabbit antibody (rgG) and washed again with PBS before preformed ABC complex was applied for 30 min. Staining was developed with the chromogene diaminobenzidine tetrahydrochloride (0.25 mg/ml in PBS) in the presence of 0.01% H202• Finally, sections were dehydrated through graded ethanols (70-100%) but not counterstained. In control experiments, primary antibody was omitted and sections were incu bated with normal goat serum instead.
RESULTS
Histology
The distribution of neuronal damage at various time points following 30 min of forebrain ischemia corresponded with previous findings (Pulsinelli et aI., 1982; Schmidt-Kastner et aI., 1989) . Briefly, in the CAl sector of the hippocampus neuronal dam age was minimal until 2 days of reperfusion and became evident by 3 days. In the dorsolateral stri atum, neuronal damage was first noted at 12 h and appeared to be complete at 24 h. Some animals sur viving for 12 h or longer showed no damage in the striatum. Necrosis of cortical neurons was seen less regularly but was most obvious in layers 3, 5, and 6.
In the ventral thalamus, neuronal lesions were 
Hybridization experiments
Prior to in situ hybridization the specificity of all oligonucleotide probes used in this study was tested on Northern blots of RNA isolated from hippocam pal or cortical tissue of both control and postisch emic brains. The results ( Fig. 1) showed that the c-fos. NGFI-B, c-jun, and junB probes detected specific transcripts; the size of the respective tran scripts is consistent with previous reports (Curran et aI., 1987; Angel et aI., 1988; Milbrandt, 1988; Ryder et aI., 1988) .
The distribution of c-fos mRNA in both control and postischemic rat brains as revealed by in situ hybridization is shown in Fig. 2 . In control brains, c-fos mRNA appeared to be present mainly in the neocortex ( Fig. 2A ), but a few labeled neurons were also found in other regions ( Fig. 3A) . After ischemia and 15 min of recirculation c-fos mRNA levels had already increased in most brain regions. A further increase was noted at 30 min ( Fig. 2B ) and levels tended to peak at 1 h of reperfusion ( Fig. 2C ). Al though c-fos mRNA was obviously induced in most brain regions within 1 h of recovery, the regional differences in the magnitude of c-fos mRNA accu mulation were remarkable. Areas with strikingly high levels of c-fos mRNA included the dentate gy rus of the hippocampus, amygdala, piriform cor tex, and choroid plexus. More moderate c-fos mRNA levels were seen in the neocortex and stri atum. In the thalamus, the paraventricular and cen tromedian nuclei exhibited higher c-fos mRNA lev els than other nuclei. In diencephalic brain regions, where blood flow is known to be only moderately reduced in this model of ischemia, and in the ha-234 5 6 7 of recovery. The sizes of the de tected mRNAs corresponded pre cisely to the previously reported mRNA sizes of the respective genes (Curran et aI., 1987; Angel et aI., 1988; Milbrandt, 1988; Ryder et aI., 1988) . C appears to be more strongly labeled than other brain structures. Note the elevated c-fos mRNA levels in the ventral thalamus (vt) at 24 h (E) and in the CA1 region at 2 days (F) of recovery.
E benulae, no significant induction of c-fos mRNA occurred. In all brain regions other than the hippocampus and ventral thalamus, c-fos mRNA peaked at 30-60 min of reperfusion, then declined to control levels during the subsequent 5 h, and no secondary in crease was observed at later time points. The time course of c-fos mRNA expression in the hippocam pus was more complex. At early time points (15-60 min of reperfusion), induction was most pro nounced in the dentate gyrus, whereas expression in pyramidal cells (CAl-4) was only moderate. A substantial increase in c-fos mRN A was also noted in dendritic layers of the hippocampus (Fig. 2C) , which is most likely due to glial cells expressing c-fos mRNA. By 3 h of reperfusion, c-fos mRNA levels of pyramidal cells (CAl-4) were much higher than at 1 h. The dentate gyrus was still strongly labeled, and labeling of glia-like cells located in the stratum lacunosum moleculare was also obvious (Figs. 2D and 3B). During the subsequent hours of recovery, c-fos mRN A declined in all hippocampal subregions and was close to basal levels at 12 and 24 h ( Fig. 2E) . At 2 days of reperfusion, c-fos mRNA levels had moderately increased in the CAl region but were below the level of detection in the rest of the hippocampus and other brain regions (Fig. 2F) . In one animal surviving for 2 days, the CAl region was only partially labeled (Fig. 3D) . A substantial proportion of this animal's CAl neurons showed B vS8�� slm o , �.;./" . -CAl F signs of irreversible damage. Only morphologically intact neurons showed hybridization. Therefore, we presume that c-fos mRNA was rapidly degraded af ter cell death. At 3 and 7 days, when neuronal dam age in CAl was complete, the distribution of c-fos mRNA was identical to controls.
In the ventral thalamus, c-fos mRNA expression was similar to that in most other brain regions ex cept the hippocampus. However, a second increase in c-fos mRNA had occurred in large neurons of the ventral thalamus at 12 and 24 h ( Figs. 2E and 3C) .
The dynamic changes in c-jun mRNA expression following ischemia are depicted in Fig. 4 . In control animals, low c-jun mRNA levels were detected in the hippocampus (CA3 sector, dentate gyrus) and piriform cortex, whereas c-jun mRNA was not abundantly present in other brain regions (Fig. 4A) . The pattern of c-jun mRNA expression following ischemia was similar, but not identical, to the pat tern observed for c-fos. Both mRNAs appeared to be coinduced during the early reperfusion period, but dissociation of c-jun and c-fos mRNA expres sion became obvious at 12 and 24 h. At these time points, c-fos mRNA had declined to preischemic levels in brain regions other than the hippocampus and ventral thalamus; c-jun mRNA levels, in con trast, were still high or had even increased in the neocortex, striatum, and hippocampus (Fig. 4E ). In the neocortex, a laminar pattern of c-jun mRNA distribution was observed at 12 and 24 h with auto- radiographs, and on liquid emulsion-coated slides cortical neurons of layers 2, 3, 5, and 6 appeared to be more strongly labeled than those of other layers. In the striatum, mRNA levels had increased com pared to those at 6 h, but only in those regions that showed no histological damage (Fig. 5 ). All hippo campal subregions (dentate gyrus and sectors CA1-4) appeared to produce a greater amount of c-jun mRNA than c-fos mRNA at 12 and 24 h. At 2 days, moderately elevated c-jun mRNA levels were found in the CAl region but not in other brain regions (Fig.4F) .
Compared to c-fos and c-jun, induction of both junB and NGFI-B mRNA following ischemia was less pronounced (Fig. 6) . In control animals, no hy bridization signal was seen for junB mRNA (Fig.  6A) , whereas minimal labeling for NGFI-B mRNA was observed in the CAl region (Fig. 6B ). During the early reperfusion period, both junB and NGFI-B mRNA levels increased moderately in the dentate gyrus and minimally in the amygdala, piri form cortex, choroid plexus, and neocortex ( Fig.  6C and D) . The temporal pattern of junB and NGFI-B mRNA expression in these regions was al- Vol. 14, No. 2, 1994 most identical to the pattern observed for c-fos.
Peak induction occurred at 30-60 min postischemia ( Fig. 6C and D) and mRNA levels declined after wards. Pyramidal cells (CAl-4) of the hippocampus exhibited a delayed and moderate increase in junB mRNA at about 12 h (Fig. 6E ), whereas labeling for NGFI-B mRNA was not significantly different from controls at this time point ( Fig. 6F ). At later time points neither junB nor NGFI-B mRNA expression differed from controls.
Immunohistochemistry
The Fos-like immunoreactivity (FLI) in both con trol and postischemic rat brains either was re stricted to the cell nucleus or was more intense in the nucleus than in the cytoplasm. FLI was not ob served when primary antibody was omitted (data not shown).
The distribution of FLI in control brains, as well as the temporospatial pattern of FLI changes after ischemia, were remarkably similar to the patterns obtained for c-fos mRNA with in situ hybridization. A for c-fos hybridization (Fig. 2 ). Note the pro tracted time course of c-jun mRNA expres-C sion in the hippocampus, neocortex, and striatum. nc, nucleus caudate-putamen. E 2 days. Following ischemia, an increase in FLI was first observed at 1 h of reperfusion. At this time point, a varying number of dentate granule cells and neurons in the amygdala exhibited positive staining, while FLI in other brain regions was still similar to controls (data not shown). By 3 h, most brain re gions appeared to be involved and the regional dif ferences in the intensity of FLI corresponded to the regional levels of c-fos mRNA at 3�O min post ischemia. Interestingly, at this time point positively stained cells resembling interneurons were found in close proximity to CAl pyramidal cells (Fig. 7D, A B o CAl nc F arrows). Compared to the situation at 3 h of reper fusion, FLI was less pronounced at later time points and became indistinguishable from controls in brain regions other than the hippocampus by 12 h. In the hippocampal CAl region the intensity of FLI, as well as the number of neurons involved, progres sively increased between 12 h and 2 days. In con trast, neurons in other hippocampal subregions showed weak immunoreactivity at 12 and 24 h and no immunoreactivity at 2 days ( Fig. 7E and F) . At 3 and 7 days of reperfusion the distribution of FLI was similar to the control situation. 
DISCUSSION
The present results confirm and extend previ ously existing data on the temporospatial patterns of c-fos and c-jun induction following transient fore brain ischemia. We also provide evidence that tran sient ischemia causes the induction of two addi tional lEGs, junB and NGFI-B. These four lEGs exhibited distinct induction profiles in response to the ischemic insult, but the mRNA levels of each of these lEGs increased transiently in both vulnerable and resistant brain regions. Thus, no simple corre lation exists between the presently investigated lEGs and the phenomenon of selective vulnerabil ity. Nevertheless, since the expression kinetics are not identical for vulnerable and resistant regions, a more complex relationship may exist.
The c-fos mRNA levels increased rapidly in nearly all ischemic brain regions during the early reperfusion period but most strikingly in the dentate gyrus and some other limbic system-associated structures. In most brain regions, induction peaked at about 1 h of recovery and mRNA levels declined to baseline before 6 h. In the hippocampus, c-fos mRNA increased rapidly in the dentate gyrus, somewhat more slowly in the CA 1 and CA3 re gions, but returned to near-baseline in all hippocam pal subregions at about 12 h. Clearly, up to 12 h of recovery, the induction profile did not differ for se- lectively vulnerable CAl neurons and resistant CA3 neurons; nor did it differ for vulnerable and resis tant neuronal subpopulations in other regions (stri atum, neocortex, thalamus).
In the CAl region, but not in other hippocampal subregions, c-fos mRNA increased moderately be tween 1 and 2 days of reperfusion and was absent at 3 days, when CAl neurons had become necrotic. Similarly, a second increase in c-fos mRNA was observed in the ventral thalamus, another vulnera ble region, at 12 to 24 h of recovery, but we are uncertain whether this was invariably followed by neuronal injury. Due to the use of cryomaterial, his tological assessment of this region was difficult and did not allow us to establish a firm correlation. No secondary increase in c-fos mRNA was observed in the dorsolateral striatum and neocortex (layers 3, 5, and 6), although the ischemic impact was suffi ciently severe to cause neuronal damage in these regions. Thus, in some, but not all selectively vul nerable brain regions, neuronal cell death appears to be preceded by c-fos mRNA accumulation.
Several previous reports have examined the in duction of c-fos (mRNA or protein) after global ischemia, but the results have been contradictory. Some studies, all based on global ischemia in the gerbil, showed rapid but transient induction in the dentate gyrus and various other regions (Ikeda et aI., 1990; Nowak et aI., 1990; Uemura et al., 1991b) . c CA1 FIG. 7. FLI in the dorsal hippocampus of control (A) and postischemic (C, 3 h; E, 2 days) rat brains. The CA1 regions are shown at a higher magnification in B, D, and F. At 3 h of recovery (C, 0) dentate granule cells are most intensely labeled, and positively stained cells resembling interneurons (arrow; cell process, open arrow) are found in close proximity to weakly labeled CA1 pyramidal cells (arrowhead). At 2 days of recovery (E, F), FLI is confined to the CA 1 region. By then, the majority of CA 1 pyramidal cells (arrowhead 1) appears to be intensely labeled. Arrowhead 2 points to a nonimmunoreactive pyramidal cell.
U sing the rat four-vessel occlusion model, two studies failed to detect early c-fos production but demonstrated delayed accumulation of c-fos mRN A (Jorgensen et al., 1989) and protein (Jorgensen et al., 1991) in the CAl region. Wessel et al. (1991) , also using four-vessel occlusion, reported a rapid but transient induction in several brain regions as well as a second increase in c-fos mRN A in the CA 1 region at 24 h. Our results confirm that global isch emia can cause both an early-onset, transient c-fos induction in widespread regions and a late-onset, more persistent induction restricted to vulnerable regions.
The early postischemic c-fos changes closely re semble those seen after seizures (Morgan et al., 1987; Saffen et al., 1988) . This similarity may be explained by the fact that both ischemia and sei zures result in membrane depolarization and subse quent Ca 2+ uptake by neurons (Griffith et al., 1982; Benveniste et al., 1988; Uematsu et al., 1988) , caused by energy failure and increased firing rates of neurons, respectively. Since calcium is known to be a potent trigger of c-fos induction (Morgan and Curran, 1986) , the elevation of intracellular calcium during ischemia might well be the cause of c-fos induction during the early reperfusion period.
The delayed selective increase in c-fos in the CAl region and the ventral thalamus may also be due to disturbances of Ca 2+ homeostasis. In both the CAl region and the ventral thalamus, intracellular Ca 2+ levels increase before neuronal damage becomes histologically visible (Dienel, 1984; Dux et al., 1987; Bonnekoh et al., 1992) . Presently, it is unknown whether c-fos plays any causal role in the events that lead to cell death in these regions. Interest ingly, various other forms of cell death, such as naturally occurring cell death in the developing ner vous system (Gonzalez-Martin et al., 1992) and ep ithelial cell degeneration during prostate gland re gression (Buttyan et al., 1988) , are accompanied by c-fos expression. Focal ischemia, produced by mid dle cerebral artery occlusion, causes long-lasting c-fos expression in neurons located in an area im mediately adjacent to the ischemic core (Uemura et al., 1991a) , and these neurons may eventually die. Taken together, these observations suggest that c-fos expression is linked to a delayed/slow type of cell death. This hypothesis is supported by our ob servation that c-fos does not accumulate in the stri atum and neocortex, where neurons degenerate at a much quicker pace after global ischemia than in the CAl region.
To alter the transcriptional activity of target genes, the c-fos protein (c-Fos) must form dimers with members of the jun family (c-Jun, JunB, JunD). Each member of the jun family, in contrast, can dimerize both with itself and with other mem bers of the jun and fos families (c-Fos, FosB, Fral, Fra2) (for review see Sheng and Greenberg, 1990; McMahon and Monroe, 1992) . All conceivable dimers can bind to regulatory DNA regions in vitro, such as the API binding region, but the transcrip tional effects are distinct (Chiu et al., 1989; Schiitte et al., 1989) .
The present results show that global ischemia causes the transcriptional induction of at least two jun-family members (c-jun, junB) in addition to c-fos . c-jun mRNA appeared to be coinduced with c-fos mRNA in most brain regions, but the time course of c-jun induction was more protracted. c-jun mRNA levels remained elevated or even in creased in various brain regions, including all vul nerable regions, at time points (up to 24 h) when c-fos mRNA had already declined to near-basal lev els. This finding is at variance with a previous re port (Wessel et al., 1991) in which c-fos and c-jun mRNAs appeared to be expressed in unison without exception after 20 min of four-vessel occlusion. The discrepancy may be due to the longer duration of ischemia in our experiments (30-min four-vessel oc clusion) or to the use of different oligonucleotide probes for c-jun mRNA detection. The differential activation of c-fos and c-jun observed here suggests that, in some brain regions, c-jun may act either on its own or in combination with other jun-or fos-J Cereb Blood Flow Metab. Vol. 14. No.2. 1994 family members at later stages of reperfusion. Com pared to c-fos and c-jun, junB induction was less pronounced and confined largely to the dentate gy rus, where it may modulate the c-fos/c-jun re sponse. It remains uncertain whether global isch emia causes the induction of other members of the fos and jun families. For focal ischemia, this has been shown to be the case (Gass et al., 1992) .
Recently, Dragunow et al. (1993) found that neu rons undergoing delayed neuronal death, produced by hypoxia-ischemia in rats (21 days old), mas sively expressed c-jun at 24 h after the insult and suggested that c-jun was involved in genetic events that produce programmed cell death. The present results demonstrate the c-jun expression (up to 24 h) occurs not only in neurons destined to die, but also in some neuronal groups, which eventually re cover from ischemia, such as dentate granule cells and neurons located in the ventromedial striatum. Thus, at least in the adult rat brain, c-jun is not expressed in a way that would suggest an involve ment in programmed cell death.
NGFI-B mRNA was also shown to be induced by global ischemia. NGFI-B encodes a protein that is thought to be a member of the steroid/thyroid hor mone receptor superfamily of transcription factors (Milbrandt, 1988) . In vitro, NGFI-B is much more inducible by K + depolarization than by growth fac tors (Bartel et al., 1989) . In vivo, NGFI-B mRNA levels increase after seizures with a temporal profile similar to that of c-fos (Watson and Milbrandt, 1989) . In our study, NGFI-B mRNA levels in creased in those brain regions exhibiting the most dramatic c-fos increases and with similar kinetics. Taken together, these findings suggest that a com mon or closely linked mechanism, possibly mem brane depolarization during ischemia, caused (in part) both c-fos and NGFI-B induction.
A common characteristic of IEGs is that their transcriptional induction does not require de novo protein synthesis (Herschman, 1991) . Protein syn thesis inhibitors even potentiate and prolong the IEG mRNA response of various tissues, including the brain, to stimulation (Lau and Nathans, 1987; Worley et al., 1990) . This superinduction effect sug gests that IEG products exert negative feedback control at the transcriptional level.
Cerebral ischemia is well-known to cause pro longed disturbances of protein synthesis (Kleihues and Hossmann, 1971; Dienel et al., 1980) . In fact, delayed neuronal death after global ischemia has been attributed to the irreversible supression of protein synthesis in selectively vulnerable areas (Bodsch et al., 1985; Thilmann et al., 1986; Wid mann et al., 1991) . Our results indicate the c-fos mRNA was not significantly translated into protein up to 1 h of recovery. This may have caused a su perinduction-like effect and would explain why mRNA levels increased most dramatically during this time period. At all later time points examined, the c-fos mRNA patterns were nearly identical to the c-fos protein patterns, suggesting that postisch emic disturbances of protein synthesis did not affect translation of c-fos mRNA into protein after 1 h of recovery, in either vulnerable or resistant areas. However, the persisting inhibition of protein syn thesis in vulnerable areas may have prevented the translation of target gene mRNAs into proteins, whereas the recovery of protein synthesis in resis tant areas may have allowed translation. Therefore, we cannot exclude that c-fos induction had different effects in resistant and vulnerable regions.
Presently, the precise function of the lEG re sponse after ischemia is still unknown. Each of the lEGs examined encodes a transcription factor, and therefore, their upregulation following ischemia is likely to be responsible for postischemic alterations of gene expression. Actually, the increased forma tion of a functional transcription complex contain ing c-Fos and c-Jun has been demonstrated after global ischemia in the gerbil (Kindy et aI., 1991) . Besides ischemia, various other forms of neuro trauma, including heat shock and cortical, hippo campal, and peripheral nerve lesions, as well as sei zures and other forms of intense neuronal stimula tion, result in enhanced c-fos expression (Morgan et aI., 1987; Dragunow and Robertson 1988; Dra gunow et aI., 1989; Herrera and Robertson, 1989; Sharp et aI., 1989) . Taken together, these studies indicate that lEGs form part of the brain's meta bolic response to trauma and intense electrical ex citation. lEGs may trigger genomic events, which contribute in some way to the recovery of brain constituents from injury, or may initiate complex adaptive responses. Their strong inducibility in lim bic system-associated structures after global insults such as ischemia suggests some psychobiological correlate. A better understanding of the role of lEGs in the nervous system will critically depend on the identification of their genomic targets.
